24 Development of the cerebral cortex may be influenced by the composition of the maternal gut 25 microbiota. To test this possibility, we administered probiotic Lactococcus lactis in the drinking 26 water to mouse dams from day 10.5 of gestation and until pups reached postnatal day 1 (P1).
176 177 Oxytocin measurements 178 179 Dams were administered probiotics in water, or water alone (control) starting at day 10.5 of 180 pregnancy and plasma was collected 1 day after birth. Plasma oxytocin was extracted and 181 measured according to the protocol supplied by the manufacturer of the ELISA kit (Enzo Life 182 Sciences; ADI-900-153A-0001). Measurements were conducted using BioTek Synergy2 plate 183 reader.
185 Statistical analyses
186 Statistical analyses were performed with IBM SPSS Statistics (behavioral assays) and Graphpad 187 (Prism) software. Data were checked for outliers using Grubbs test, normality using the Shapiro-10 212 time than the controls ((male n = 9 and female n = 10) in the light zone, however this didn't 213 reach significance. (B) There was a significant interaction between the effects of sex and 214 treatment on activity levels in the light zone (p = 0.04).
215
216 In the open field, we observed a decrease in the latency to enter the center zone in L. lactis-217 exposed mice. However, this decrease didn't reach significance (Control 49.09 ± 15.7s and L.
218 lactis 17.73 ± 3.9s, p = 0.060, Supplemental Figure S1A ) and there were no sex differences (p > 219 0.05). The activity levels were similar between the groups (Control 2547 ± 112 cm and L. lactis 220 2795 ± 103 cm, p > 0.05) and there were no sex differences (p > 0.05). We also looked at the 221 time spent in the center as another measure of anxiety-like behavior. We didn't find an effect of 222 L. lactis treatment (Control 6.84 ± 1.63 cm and L. lactis 7.04 ± 1.38 cm, p > 0.05), but there was 223 a strong main effect of sex, with female mice spending significantly more time in the center than 224 male mice (F(1,37) = 100, p < 0.001, Figure S1B ). 225 In the novel object exploration test, there was no difference in the latency to approach the object 226 (Control 45.56 ± 9.53 s and L. lactis 29.98 ± 7.22 s, p > 0.05 Figure S2A ), and there were no 227 main effects of sex. Time spent investigating the object was not different between the groups 228 (Control 8.94 ± 2.15 s and L. lactis 11.23 ± 2.86 s, p > 0.05 Figure S2B ). 232 Treatment with probiotic did not affect conditioning, when analyzed with repeated measures 233 ANOVA (p > 0.05). There was a significant interaction between sex and group (F(1.34) = 4.257, 234 p = 0.047) with control female mice showing higher levels of freezing than males, however, the 235 main effect of sex did not reach significance (p = 0.06 Fig 2A) .
236 On the following day, mice were evaluated for their context-dependent learning. Mice were 237 placed back into the original test chamber for a 5-min session, this time with no tone or foot 238 shock. Probiotic treatment did not have an effect on the first minute response (p > 0.05) and there 239 was no interaction between group and sex with univariate ANOVA (p > 0.05). However, there 240 was a significant sex effect (F(1.34) = 4.287, p = 0.046) with female mice showing higher levels 241 of freezing. Separate analysis in female and male mice showed no treatment effect (p > 0.05, 242 Figure S3A ). Repeated measures analysis, for the 5 minutes of the session, showed no 243 differences between the groups and also no effect of sex (p > 0.05, Figure 2B ). Analysis of 244 average freezing time during the 5-min session showed no effect of treatment or sex (p > 0.05, 245 Figure S3B ). 249 Control female mice (n = 10) showed higher levels of freezing than males (n = 8), however, the 250 main effect of sex did not reach significance (p = 0.06). (B) Probiotic exposure did not have an 251 effect on the contextual memory of mice. Though female mice (n = 10) showed higher levels of 252 freezing than male mice (n = 10), separate sex analysis showed no treatment effect. (C) Probiotic 253 exposure did not affect the first minute response to tone, but there is a significant treatment effect 254 in female mice, shown in detail in panel (D).
12 256 On the third day of testing, associative learning to the tone cue was evaluated. The conditioning 257 chambers were modified by turning off the white light and keeping only Near-Infrared light, by 258 modifying the chamber using a black Plexiglas insert in an A-shape to change the wall and 259 another insert to change the floor surface, and, by adding a novel odor (vanilla flavoring). Mice 260 were placed in the modified chamber and allowed to explore it for a final 5-min session. After 2-261 min, the acoustic stimulus was presented continuously for a 3-min period. Compared to control, 262 probiotic treatment did not have an effect on the first minute response to tone (p > 0.05) and
263 there was no interaction between group and sex, or a sex effect with univariate ANOVA (p > 264 0.05, Figure S4A ). Repeated measures analysis for the 3 minutes of tone presentation showed no 265 differences between the groups (p > 0.05) and neither the interaction between groups and sex, 266 nor sex effect, reached statistical significance (p = 0.067 and p = 0.064 respectively, Figure 2C ).
267 However, separate analysis in female and male mice showed a significant treatment effect with 268 repeated measures analysis for the 3 minutes of tone presentation in female mice (F(1.18) = 269 5.700, p = 0.028, Figure 2D 275 Oxytocin is a known hormonal mediator of maternal behavior [13] . To examine whether L. lactis 276 exposure during pregnancy may increase maternal oxytocin levels, we measured oxytocin in 277 plasma of treated and control dams 1 day after birth (Figure 3 ). We find that oxytocin levels are 13 279 p = 0.0008 by Student's t-test). Oxytocin levels were not increased in plasma of pups at P28 280 ( Figure 3B ). These results suggest that probiotics exposure during pregnancy may modulate the 281 levels of maternal oxytocin. 286 Plasma oxytocin levels remain unchanged in 3-month old male and female pups exposed to L.
287 lactis between E0.5 and P1 (n = 5-6 per sex/group).
288 289 290 Maternal supplementation with L. lactis modulates development of cortical vasculature in 291 the pups. 292 293 Maternal gut microbiota is known to influence blood vessel permeability in the developing 294 embryo [14] . In this study, we examined whether the process of blood vessel formation during 295 cortical development is affected by maternal exposure to L. lactis. To this end, we evaluated the 296 expression of PECAM1 (CD31), an endothelial cell marker, in the developing cortices of L.
297 lactis-exposed compared to control P1 pups. We find that blood vessel number in the cortical 298 plate is increased in probiotics-exposed male (p = 0.0007 by Student's t-test) and female (p = 299 0.0037 by Student's t-test) pups compared to control pups ( Figure 4A-C) . Furthermore, 300 expression levels of PECAM1, measured by fluorescence intensity, is increased in L. lactis-301 exposed pups ( Figure 4B , E; p = 0.0002 by Student's t-test). Finally, analysis of blood vessel 302 areas reveals an increase in the average blood vessel area in probiotics-exposed compared to 14 303 control pups ( Figure 4F ; p = 0.0006). Together, these results demonstrate that maternal exposure 304 to probiotics modulates formation of the vasculature in the developing embryonic brain. 312 lactis n = 9) and female (D; p = 0.0037 by Two-tailed Student's t-test; control n = 15; L. lactis n 313 = 20) L. lactis-exposed versus control P1 pups. (E) Average expression levels of CD31 per blood 314 vessel is increased in L. lactis-exposed P1 pup cortices (p = 0.0045 by Two-tailed Student's t-315 test; control n = 33; L. lactis n = 18). (F) Average blood vessel area is increased in P1 probiotic-316 exposed compared to control pups (p = 0.0045 by Two-tailed Student's t-test; control n = 33; L. 317 lactis n = 18). Scale bar in (B): 80 m. CP -cortical plate; VZ -ventricular zone.
319
In utero exposure to L. lactis leads to structural changes in pyramidal neuronal cell layer 320 organization of the cerebral cortex. 321 322 Mouse cortical neurogenesis begins around embryonic day 11.5 (E11.5) and continues 323 throughout gestation while cortical gliogenesis peaks during postnatal development [15] . Cortical 324 pyramidal cell layers are generated in the inside-out manner, such that lower layer neurons 325 (layers VI and V) are produced early in development, followed by the upper layer neurons 326 (layers VI-II) [16] . To determine whether maternal supplementation with L. lactis from E10.5 327 through postnatal day 1 (P1) affects cellular composition of the developing cortex we examined 16 351 352 Cortical pyramidal neurons and glia ultimately arise from neural progenitor cells (NPCs) that 353 reside in the ventricular zone [15] . We therefore sought to examine whether the proliferative 354 capacity of early postnatal NPCs may be affected by exposure to probiotic. We find that the 355 density of mitotic NPCs expressing phosphorylated histone H3 (PH3), a marker of mitosis, is 356 increased in the ventricular zone of probiotics-exposed female ( Figure 6A 
